Cyclooxygenase-2 (COX-2) catalyzes the oxygenation of arachidonic acid (AA) and endocannabinoid substrates, placing the enzyme at a unique junction between the eicosanoid and endocannabinoid signaling pathways. COX-2 is a sequence homodimer, but the enzyme displays half-of-site reactivity, such that only one monomer of the dimer is active at a given time. Certain rapid reversible, competitive nonsteroidal anti-inflammatory drugs (NSAIDs) have been shown to inhibit COX-2 in a substrate-selective manner, with the binding of inhibitor to a single monomer sufficient to inhibit the oxygenation of endocannabinoids but not arachidonic acid. The underlying mechanism responsible for substrate-selective inhibition has remained elusive. We utilized structural and biophysical methods to evaluate flufenamic acid, meclofenamic acid, mefenamic acid, and tolfenamic acid for their ability to act as substrateselective inhibitors. Crystal structures of each drug in complex with human COX-2 revealed that the inhibitor binds within the cyclooxygenase channel in an inverted orientation, with the carboxylate group interacting with Tyr-385 and Ser-530 at the top of the channel. Tryptophan fluorescence quenching, continuous-wave electron spin resonance, and UV-visible spectroscopy demonstrate that flufenamic acid, mefenamic acid, and tolfenamic acid are substrate-selective inhibitors that bind rapidly to COX-2, quench tyrosyl radicals, and reduce higher oxidation states of the heme moiety. Substrate-selective inhibition was attenuated by the addition of the lipid peroxide 15-hydroperoxyeicosatertaenoic acid. Collectively, these studies implicate peroxide tone as an important mechanistic component of substrate-selective inhibition by flufenamic acid, mefenamic acid, and tolfenamic acid.
The cyclooxygenases (COX-1 and COX-2) convert arachidonic acid (AA) 2 to prostaglandin H 2 (1) . Prostaglandin H 2 is subsequently metabolized by downstream tissue-specific synthases into potent signaling molecules that play fundamental roles in both the regulation of physiological homeostasis as well as in disease states such as inflammation and cancer (2) . COX-1 preferentially oxygenates AA, whereas COX-2 efficiently oxygenates a broad spectrum of fatty acid, ester, and amide substrates, including the endocannabinoids 1-arachidonoyl glycerol (1-AG), 2-arachidonoyl glycerol, and anandamide (3) (4) (5) (6) (7) (8) . 2-Arachidonoyl glycerol and anandamide are widely distributed in mammalian tissues and were the first characterized endogenous ligands for the cannabinoid receptors CB 1 and CB 2 (9) . COX-2 oxygenates endocannabinoids using the same catalytic mechanism employed for AA, generating PG-glycerol esters and PG-ethanolamides (10 -12) . Endocannabinoid signaling plays a significant role in various physiological processes and has been implicated in pathologies ranging from anxiety and depression, to multiple sclerosis, Parkinson disease, and cancer (13) . The unique ability to oxygenate endocannabinoids places COX-2 at a critical junction between the eicosanoid and endocannabinoid signaling systems.
COX-2 contains both a peroxidase active site and cyclooxygenase active site that are spatially distinct but functionally linked. The peroxidase active site contains a Fe 3ϩ -protoporphyrin IX heme moiety that upon reaction with peroxide is converted to an oxy-ferryl protoporphyrin IX cation radical. Electron transfer from Tyr-385 in the cyclooxygenase active site to the oxy-ferryl protoporphyrin IX cation radical reduces the heme back to the fully covalent oxy-ferryl protoporphyrin IX and generates a Tyr-385 radical in the cyclooxygenase active site. Reducing co-substrates such as phenol further reduces the oxy-ferryl heme by one electron to the resting ferric state. The Tyr-385 radical abstracts the pro-S hydrogen from carbon-13 of AA to initiate cyclooxygenase catalysis and two molecules of oxygen are then added to the substrate. A hydrogen atom is then transferred back from Tyr-385 to the peroxyl radical on carbon-15 to form prostaglandin G 2 and regenerate the Tyr-385 radical. As the Tyr-385 radical is regenerated at the end of catalysis, a single turnover of peroxide in the peroxidase active site can sustain many turnovers of AA in the cyclooxygenase active site. This is referred to as the branched chain mechanism of catalysis (14) . Although endocannabinoid substrates bind in a similar fashion to AA in the cyclooxygenase active site (16) , endocannabinoid oxygenation is sensitive to peroxide tone and requires more turnover of hydroperoxide to sustain cyclooxygenase catalysis, suggesting that the branched chain mechanism is less efficient with endocannabinoid substrates (17) .
COX-2 is inhibited by nonsteroidal anti-inflammatory drugs (NSAIDs; for review, see Ref. 18 ). Prusakiewicz et al. (19) demonstrated that some NSAIDs, such as ibuprofen and mefenamic acid, act in a "substrate-selective" fashion in that they are weak competitive inhibitors of AA oxygenation but potent non-competitive inhibitors of endocannabinoid oxygenation by COX-2. These results were extended when it was demonstrated that the R-isomers of the propionic acid class of NSAIDs, such as R-flurbiprofen, are potent inhibitors of endocannabinoid oxygenation but have no effect on AA turnover (20) . Substrate-selective inhibition of COX-2 has been shown to augment endocannabinoid levels in vivo, resulting in favorable psychological effects, including reduced anxiety (21) . Thus, substrateselective inhibitors of COX-2 hold promising potential to provide the beneficial effects of endocannabinoid augmentation such as reduced anxiety, depression, and pain while avoiding the negative gastric and cardiovascular consequences associated with the inhibition of AA oxygenation.
Although the phenomenon of substrate-selective inhibition of COX-2 is well established, the mechanism by which these NSAIDs inhibit endocannabinoid but not AA oxygenation remains unclear. COX enzymes are sequence homodimers composed of tightly associated monomers. Studies have shown that COX functions as a conformational heterodimer, with only one monomer of the homodimer active at a given time (22) . Moreover, the monomers act in concert via an allosteric/catalytic couple, with the oxygenation of substrate in the "catalytic" monomer (E cat ) modulated by the binding of dietary nonsubstrate fatty acids, such as palmitic acid, and NSAIDs to the partner "allosteric" monomer (E allo ) (8, 19, 23, 24) . A model of substrate-selective inhibition has been proposed where binding of an inhibitor to E allo results in the allosteric inhibition of endocannabinoid but not AA oxygenation in the partner monomer, and AA inhibition only results when inhibitor binds to both monomers of the COX-2 homodimer (19) . Although x-ray crystal structures of substrate-selective NSAIDs bound to COX-2 have been elucidated, extensive analyses and comparisons to substrate-bound crystal structures do not reveal protein conformational differences at the dimer interface and thus do not provide insight into the molecular details responsible for cross-talk between monomers (20, 25) .
Although mefenamic acid is known to be a substrate-selective inhibitor of COX-2, the other fenamic acid inhibitors have yet to be investigated with respect to substrate selectivity. Moreover, there has been no structural investigation into the mode of binding of the fenamic acid inhibitors within the cyclooxygenase active site of COX-2. The fenamic acid inhibitors have similar chemical structures to the phenyl acetic acid class of inhibitors that include diclofenac and lumiracoxib. Structural studies have shown that both diclofenac and lumiracoxib bind with their carboxylate moieties interacting with the side chains of Tyr-385 and Ser-530 at the apex of the cyclooxy-genase active site (26, 27) . Here we report structural, biophysical, and functional studies designed to evaluate the ability of the remaining fenamic acids to inhibit human (hu) COX-2 in a substrate-selective manner.
Experimental Procedures
Materials-Meclofenamic acid sodium salt, diclofenac sodium salt, AA, 1-AG, and R-flurbiprofen were purchased from Cayman Chemical Co. (Ann Arbor, MI). FLAG peptide was purchased from GenScript (Piscataway, NJ). Tolfenamic acid, flufenamic acid, mefenamic acid, anti-FLAG M2 resin, and ethylene glycol were purchased from Sigma. Co 3ϩ -protoporphyrin IX and Fe 3ϩ -protoporphyrin IX were purchased from Frontier Scientific (Logan, UT). Decyl maltoside was purchased from Affymetrix (Santa Clara, CA). N-Octyl-␤-D-glucopyranoside (␤OG) was purchased from Inalco Pharmaceuticals (San Luis Obispo, CA). The QuikChange TM Mutagenesis kit II was purchased from Agilent Technologies (Santa Clara, CA). HiTrap TM HP Chelating and HiPrep TM 16/60 Sephacryl S-300 HR chromatography columns were purchased from GE Healthcare. Oligos used for site-directed mutagenesis were purchased from Integrated DNA Technologies (Coralville, IA). Polyacrylic acid sodium salt 5100 and polyethylene glycol (PEG) 400 were purchased from Hampton Research (Aliso Viejo, CA). 15-Hydroperoxyeicosatetraenoic acid (15-HPETE) was generated and purified as described previously (28, 29) .
Production of Wild Type and Mutant Constructs of Human COX-2-His 6 N580A huCOX-2 in pFastBac-1 was used to engineer Y385F and S530A mutant constructs using the Quik-Change Mutagenesis kit II. To create the Y385F/S530A double mutant, we utilized Y385F huCOX-2 in pFastBac-1 as the template for mutagenesis. All constructs were sequence-verified. Expression of all constructs was carried out in insect cells using the baculovirus system as described in Vecchio et al. (15) . For solubilization, the cell pellet from a 2-liter culture of Sf21 insect cells was resuspended in 50 mM Tris, pH 8.0, 300 mM NaCl, 1 mM 2-mercaptoethanol. The resuspended cells were lysed using a Microfluidizer and solubilized by adding decyl maltoside to a final concentration of 0.87% (w/v). The solubilization mixture was stirred for 60 min at 4°C followed by centrifugation at 140,000 ϫ g for 75 min. A two-step purification protocol consisting of affinity and size-exclusion chromatographic steps (15) was then utilized to produce purified wild type and mutant huCOX-2 in 25 mM Tris, pH 8.0, 150 mM NaCl, and 0.53% (w/v) ␤OG for kinetic and biophysical characterization.
For crystallization, we utilized a wild type huCOX-2 construct that had been engineered to contain a FLAG affinity tag at the N terminus and a deletion of residues 586 -612 (⌬586) at the C terminus (30) . The resulting FLAG ⌬586 huCOX-2 construct was used to generate purified protein in ␤OG. Specifically, the supernatant resulting from the solubilization of the enzyme in decyl maltoside was loaded onto an anti-FLAG M2 affinity column (2.5 cm ϫ 10 cm) equilibrated in 50 mM Tris, pH 7.4, 150 mM NaCl, 0.87% (w/v) decyl maltoside. After a washing step, utilizing 50 mM Tris, pH 7.4, 150 mM NaCl, and 0.53% (w/v) ␤OG, the protein was released from the resin by running 40 ml of the wash buffer containing 100 g/ml FLAG peptide over the column. The eluted protein was dialyzed over-night against 50 mM Tris, pH 7.4, 150 mM NaCl, 0.53% (w/v) ␤OG and subsequently run over a HiPrep 16/60 Sephacryl S-300 HR column equilibrated in the same buffer utilized in dialysis. Peak fractions from the size-exclusion column were pooled and concentrated to 4 mg/ml for crystallization trials.
Crystallization of Human COX-2 Fenamate Complexes-To generate crystals of huCOX-2 bound with meclofenamic acid, FLAG ⌬586 huCOX-2 was reconstituted with a 2-fold molar excess of Co 3ϩ -protoporphyrin IX and crystallized using the sitting drop vapor diffusion method in conjunction with streak seeding. Specifically, 3 l of the Co 3ϩ -reconstituted enzyme was mixed with 3 l of 29 -34% polyacrylic acid 5100, 100 mM HEPES, pH 7.5, 20 mM MgCl 2 . The resulting drops were equilibrated against wells containing 500 l of the same buffer for 48 h at 25°C. Crystal nucleation was induced by streak seeding the equilibrated drops with pulverized apoenzyme crystals grown in similar conditions reported previously for murine muCOX-2 (6, 15, 16, 25, 31) . The seeded drops were resealed and incubated at 25°C. Large, single crystals appeared 2-3 weeks after streak seeding. Crystals were then harvested from the drops and soaked in a cryoprotectant solution consisting of 35% (v/v) polyacrylic acid 5100, 100 mM HEPES, pH 7.5, 20 mM MgCl 2 , 0.6% (w/v) ␤OG, 10% (v/v) ethylene glycol, and 1 mM meclofenamic acid for 20 min followed by flash-freezing directly in a gaseous nitrogen stream at 100 K.
We were unsuccessful in obtaining crystals of huCOX-2 bound with mefenamic acid, flufenamic acid, and tolfenamic acid using standard co-crystallization methods in conjunction with the polyacrylic acid 5100 mixture or the streak seeding method described above. As such, we utilized the 1536 condition tailored membrane protein screen (32) in the High-Throughput Crystallization Laboratory at the Hauptman-Woodward Institute (33) to search for new leads that would facilitate crystallization. Although numerous crystallization leads were identified, one lead was successfully optimized and converted from microbatch-under-oil format to the sitting drop vapor-diffusion format. To generate the remaining complexes, Co 3ϩ -protoporphyrin IX reconstituted huCOX-2 at 4 mg/ml was incubated with a 5-fold molar excess of inhibitor followed by crystallization using the sitting drop vapor diffusion method. Specifically, 2 l of the huCOX-2 inhibitor complex was mixed with 2 l of 27-32% (v/v) PEG 400, 100 mM HEPES, pH 7.0, 300 mM ammonium phosphate. The resulting drops were equilibrated against wells containing 500 l of the same buffer at 25°C, and crystals appeared within 1-2 weeks of setup. Crystals were subsequently harvested from drops and soaked in a cryoprotectant solution consisting of 32% (v/v) PEG 400, 100 mM HEPES, pH 7.0, 300 mM ammonium phosphate, 0.6% (w/v) ␤OG, and 10% (v/v) glycerol followed by flash-freezing directly in a gaseous nitrogen stream at 100 K.
Structure Solution and Refinement-Diffraction data were collected at the Advanced Photon Source (Argonne, IL). Specifically, data for the FLAG ⌬586 huCOX-2 meclofenamic acid complex were collected on beamline 23ID-B utilizing a MAR mosaic 300 CCD detector, whereas data for FLAG ⌬586 huCOX-2 complexed with mefenamic acid, flufenamic acid, and tolfenamic acid were collected on beamline 17ID-B utilizing a Dectris Pilatus 6M pixel array detector. All diffraction data were integrated, scaled, and merged using HKL2000 (34) . Data collection statistics are detailed in Table 1 .
Although all four huCOX-2 inhibitor complexes crystallized with two molecules in the asymmetric unit in orthorhombic space group I222, the unit cell parameters for crystals grown in polyacrylic acid 5100 and PEG 400 differ significantly (Table 1) . Given these observations, difference Fourier maps were not utilized to generate initial phases, and extensive care was taken to remove model bias during structure solution. Each huCOX2 inhibitor structure was solved by molecular replacement methods utilizing PHASER (35) and a truncated muCOX-2 search model derived from PDB entry 3HS5 (15) . After molecular replacement, the structures were rebuilt with Arp/wArp (36) using the primary sequence for huCOX-2 and the "automated model building starting from experimental phases" option (37) . Iterative cycles of manual rebuilding and refinement were then performed using COOT (38) and PHENIX (39), respectively. Riding hydrogens were included in the model during refinement in PHENIX. Translation-libration-screw (TLS) refinement (40) using parameters obtained from the TLSMD web server (41) was applied in the final stages of refinement. The final refinement statistics for each structure are listed in Table  1 . Despite the differences in unit cell parameters, the overall tertiary structure of the huCOX-2 sequence homodimer in each structure is identical to that observed previously (42) . Moreover, there are no significant differences observed between monomers when they are compared with root mean square deviations within and between structures of ϳ0.2 Å. Simulated annealing omit maps were generated using PHENIX, and model validation was carried out using MOLPROBITY (43) . The figurs were produced using PyMOL (Version 1.7.0.0; Schrodinger, LLC). Coordinates and structure factors for the huCOX-2 flufenamic acid, huCOX-2 meclofenamic acid, huCOX-2 mefenamic acid, and huCOX-2 tolfenamic acid complexes have been deposited in the Protein Data Bank with IDs 5IKV, 5IKQ, 5IKR, and 5IKT, respectively.
Cyclooxygenase Activity Assays-Cyclooxygenase activity was measured using a Clark type oxygen electrode as described in Vecchio et al. (15) . The assays were performed at 37°C utilizing cuvettes containing 100 mM Tris, pH 8.0, 1 mM phenol, 5 M Fe 3ϩ -protoporphyrin IX, and 100 M AA or 1-AG as substrate. Reactions were initiated via the addition of 5 g of huCOX-2, and activity was recorded as the maximal rate of oxygen consumption. For inhibition studies, inhibitors were dissolved in DMSO and added to the reaction cuvette such that the final concentration of DMSO was Ͻ0.1% of the reaction volume. When appropriate, kinetic profiles of cyclooxygenase activity versus substrate concentration were fit with a model of substrate-dependent inhibition using GraphPad Prism 5.0 (La Jolla, CA).
Tryptophan Fluorescence Quenching-Tryptophan fluorescence measurements were performed at 25°C using a Fluoromax-4 spectrofluorometer. Wild type huCOX-2 was diluted to 0.26 M in 25 mM Tris, pH 8.0, 150 mM NaCl, 0.53% (w/v) ␤OG. Tryptophan fluorescence was monitored with ex 283 nm and em 335 nm. Excitation and emission slits widths were set to 2.5 mm and 10 mm, respectively. Fluorescence intensity was sampled every 100 ms. Inhibitors dissolved in DMSO were injected into the stirred protein solution to a final concentration of 1 M. The rate of mefenamic and meclofenamic acid binding (k) was determined by fitting fluorescence intensity versus time to a plateau followed by one-phase dissociation equation in GraphPad Prism 5. Thermal Shift Assay-Inhibitor-induced melting temperature shifts were determined using a Stratagene Mx3005P realtime PCR instrument (Stratagene, La Jolla, CA) and the thiol reactive fluorescent dye 7-diethylamino-3-(4Ј-maleimidylphenyl)-4-methylcoumarin (CPM) as described previously (25) . Wild type and mutant huCOX-2 constructs were diluted to a concentration of 1 M in 25 mM Tris, pH 8.0, 150 mM NaCl, 0.53% (w/v) ␤OG. Inhibitors were added to the diluted protein to a final concentration of 50 M and incubated on ice for 30 min. CPM was added to a final concentration of 25 M, and thermal denaturation was performed by increasing the temperature from 25°C to 99°C in 0.5°C increments over 45 min. CPM fluorescence was monitored with an ALEXA filter using a ex of 350 nm and a em of 440 nm. Melting temperatures (T m ) were determined as the maximum of the first derivative plot of fluorescence intensity versus temperature. The change in melting temperature (⌬T m ) induced by inhibitor binding was calculated as the difference between the T m of inhibitor-bound protein and protein alone.
UV-Visible Spectroscopy-To determine the effect that tolfenamic acid had on the formation of heme oxidation states, wild type huCOX-2 (3 M monomer) in 100 mM Tris, pH 8.0, was complexed with 3 M Fe 3ϩ -protoporphyrin IX in a stirred quartz cuvette at 25°C. Tolfenamic acid was added to a final concentration of 10 M before initiation of peroxidase activity. The formation of oxy-ferryl protoporphyrin IX was stimulated by the addition of hydrogen peroxide to a final concentration of 15 M. Absorbance spectra were recorded every 10 s using an Agilent 8453 UV-visible spectrophotometer equipped with an Agilent 89090a Peltier temperature controller. The ability of the inhibitors to act as reducing co-substrates was evaluated by reconstituting wild type huCOX-2 (3 M monomer) in 100 mM Tris, pH 8.0, with 3 M Fe 3ϩ -protoporphyrin IX in a stirred quartz cuvette at 25°C. Hydrogen peroxide was added to a final concentration of 15 M, and the peroxidase reaction was allowed to proceed for ϳ45 s before the addition of 9 M mefenamic, tolfenamic, or flufenamic acid. Reduction of compound II back to the resting ferric state was monitored at 409 nm, with spectra being recorded every 0.5 s.
EPR Spectroscopy-EPR studies were conducted at the Advanced Center for Electron Resonance Technology (ACERT) at Cornell University. Wild type huCOX-2 (54 M) was complexed with a 1.5-fold molar excess of Fe 3ϩ -protoporphyrin IX followed by the addition of glycerol to a final concentration of 25% (v/v). Tyrosyl radicals were generated by reacting huCOX-2 with a 5-fold excess of hydrogen peroxide and mixing for 30 s on ice before flash-freezing in a dry ice/ethanol bath followed by liquid nitrogen. When appropriate, inhibitors dissolved in DMSO were injected immediately after the 30-s incubation and briefly mixed for 2-3 s before freezing. X-band EPR spectra were recorded on a Bruker Elexsys E500 spectrometer at 120 K and 0.064 milliwatt power, 100 kHz modulation fre- 
Results
Fenamic Acid Binding to Human COX-2-For structural characterization of the huCOX-2 fenamate complexes, we utilized a construct that had residues 586 -612 deleted from the C terminus of the enzyme (30) . This region of the C terminus corresponds to the 27-amino acid instability motif involved in the degradation of COX-2 (44, 45) . After reconstituting huCOX-2 with Co 3ϩ -protoporphyrin IX, we generated crystals of the enzyme in complex with mefenamic acid, flufenamic acid, and tolfenamic acid via co-crystallization. To generate huCOX-2 in complex with meclofenamic acid, we soaked the inhibitor directly into preformed crystals. The crystal structures of huCOX-2 in complex with flufenamic acid, meclofenamic acid, mefenamic acid, and tolfenamic acid were determined to resolutions of 2.5, 2.4, 2.35, and 2.45 Å, respectively, utilizing synchrotron radiation (Table 1) . Despite the differences in cell parameters for the meclofenamic acid complex compared with the other three complexes, all four structures crystallized in space group I222. Moreover, the overall domain architecture of the huCOX-2 dimer is conserved in each structure, and there are no significant structural differences observed between monomers of the complexes when they are superimposed.
In each crystal structure we observed interpretable electron density corresponding to bound inhibitor within the cyclooxygenase channel of both monomers of the huCOX-2 dimer (Fig.  1 ). All four of the fenamic acid inhibitors bound in an inverted orientation, with their carboxylate groups located near the side chains of Tyr-385 and Ser-530 at the apex of the channel, similar to that seen previously in crystal structures of diclofenac and lumiracoxib bound to murine COX-2 (26, 27, 46) . In this orientation hydrogen bonds are formed between the carboxylate group of the inhibitor and the phenolic oxygen of Tyr-385 and the hydroxyl oxygen of Ser-530. Outside of these two hydrogen bonds, the remaining contacts between inhibitor and the residues lining the cyclooxygenase channel are via van der Waals interactions.
We utilized a thermal shift assay in conjunction with a thiolbased fluorescent dye to quantify the contribution that Tyr-385 and Ser-530 had on the binding of the fenamic acid inhibitors in the cyclooxygenase channel. 50 M concentrations of inhibitor was added to wild type and mutant constructs of huCOX-2, including Y385F, S530A, and the Y385F/S530A double mutant followed by the addition of CPM. Thermal denaturation was then carried out as described under "Experimental Procedures" (Fig. 2) . The binding of each of the fenamic acid inhibitors to wild type huCOX-2 resulted in a 17-20°C shift in enzyme melting temperature, indicating that inhibitor binding significantly stabilizes the enzyme compared with the unliganded state. When the Y385F huCOX-2 construct was utilized, melting temperatures were decreased ϳ7°C on average compared with wild type enzyme, thus providing a measure of the contribution that the hydrogen bond between the carboxylate group and Tyr-385 plays in inhibitor binding. Conversely, fenamic acid binding to S530A huCOX-2 resulted in the same shifts in melt-ing temperature observed for the wild type enzyme despite the loss of a hydrogen bond between Ser-530 and the carboxylate group. These results are in line with previous studies that ruled out Ser-530 as an important determinant for time-dependent inhibition of muCOX-2 by meclofenamic acid and competitive inhibition of muCOX-2 by mefenamic acid (26) . The Y385F/ S530A double mutant had an additive affect on the thermal stability of the mutant construct, with melting temperatures decreased ϳ14°C on average compared with wild type enzyme. Clearly, removal of the hydrogen bonding partners for the fenamic acid carboxylate group decreases inhibitor affinity for the cyclooxygenase channel. Similar trends in melting temperatures were observed for diclofenac, a close structural homolog of meclofenamic acid, with the exception of the Y385F/S530A double mutant, which exhibited no shift in melting temperature upon inhibitor binding.
Substrate-selective Inhibition of Human COX-2 by Fenamic Acids-Previous studies have shown that mefenamic acid is a weak competitive inhibitor of AA oxygenation but acts as a potent non-competitive inhibitor of 2-arachidonoyl glycerol oxygenation (19) . To examine the substrate-selective inhibition properties of flufenamic acid, meclofenamic acid, and tolfenamic acid, we measured instantaneous cyclooxygenase inhibition using an oxygen electrode. The reaction cuvette contained JULY 15, 2016 • VOLUME 291 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 15073 500 nM inhibitor and either 100 M AA or 1-AG as the substrate, with the reaction initiated via the addition of enzyme. At 500 nM, none of the fenamic acids inhibited the oxygenation of AA (Fig. 3) . Meclofenamic acid did not inhibit 1-AG oxygenation, whereas flufenamic acid, mefenamic acid, and tolfenamic acid all resulted in decreased oxygenation of 1-AG (Fig. 3) . The degree to which these three inhibitors reduced the oxygenation of 1-AG differed, with mefenamic acid resulting in an ϳ50% decrease in the oxygenation, whereas flufenamic acid and tolfenamic acid resulted in virtually complete inhibition of substrate oxygenation.
Substrate-selective Inhibition of COX-2 by Fenamates
To further investigate substrate-selective inhibition by flufenamic acid, mefenamic acid, and tolfenamic acid, we evaluated the inhibition of 1-AG oxygenation at various substrate and inhibitor concentrations. All three inhibitors exhibited dosedependent inhibition of 1-AG oxygenation (Fig. 4) . Analysis of the calculated kinetic parameters for flufenamic acid and tolfenamic acid show that both the V max and K m decrease as the inhibitor concentration increases ( Table 2 ). This type of behavior is most consistent with uncompetitive inhibition, suggesting that the fenamic acids inhibit 1-AG oxygenation either by binding to the enzyme-substrate complex or by interacting with the enzyme intermediates generated upon reaction with substrate.
We next monitored the quenching of wild type huCOX-2 tryptophan fluorescence in the presence of the fenamic acids to evaluate the time-dependent nature of inhibitor binding (Fig.  5 ). Earlier investigations revealed that only rapidly reversible, competitive compounds were substrate-selective inhibitors of COX-2 (19, 20, 27, 47) . Both flufenamic acid and tolfenamic acid quenched the native tryptophan fluorescence of huCOX-2 very rapidly. The binding of these two inhibitors occurred almost completely within the mixing time of the instrument, thus precluding an accurate assessment of binding rate. Mefe-namic acid also bound rapidly to huCOX-2, with a rate constant of 0.18 Ϯ 0.01 s Ϫ1 . Conversely, the binding of meclofenamic acid was an order of magnitude slower (0.02 Ϯ 0.01 s Ϫ1 ), with maximal quenching reached ϳ4 min post mixing. Taken together, our results indicate that flufenamic acid and tolfenamic acid are time-independent substrate-selective inhibitors of COX-2, consistent with previous studies carried out utilizing mefenamic acid (19) . Our results are also consistent with meclofenamic acid acting as a time-dependent inhibitor lacking substrate selectivity.
Fenamic Acids as Reducing Co-substrates of the Heme Moiety-Various compounds, including NSAIDs, have been shown to act as reducing co-substrates for the peroxidase reaction carried out by COX enzymes (48) . After the reaction with peroxide, the heme moiety is oxidized from its resting ferric state to an oxy-ferryl porphyrin cation radical denoted as Compound I. After electron transfer from Tyr-385, Compound I is reduced to the oxy-ferryl state with a fully covalent porphyrin ring, denoted as Compound II. A subsequent one-electron reduction of Compound II by reducing co-substrate generates the resting ferric state of the heme moiety. To probe the ability of the fenamic acids to reduce Compound II, we utilized UVvisible spectroscopy to monitor the soret peak and ␣/␤ bands of the heme moiety following reaction with peroxide substrate. When Fe 3ϩ -protoporphyrin IX-reconstituted huCOX-2 was reacted with 10-fold excess peroxide, we observed the characteristic shift in soret peak absorbance from 409 nm to 415 nm and the formation of ␣/␤ bands at 525 nm and 555 nm (Fig. 6A ). When the same reaction was performed in the presence of tolfenamic acid, no shift in the soret peak absorbance or formation of ␣/␤ bands was observed (Fig. 6B ). This result suggests that tolfenamic acid acts as a reducing co-substrate by donating an electron to reduce Compound II back to the resting ferric state. From the experiment described above, we could not differentiate whether or not tolfenamic acid was acting as a reducing co-substrate or simply preventing the formation of higher oxidation states of the heme entirely. Therefore, a second experi-ment was conducted wherein Compound II was generated by reacting Fe 3ϩ -protoporphyrin IX-reconstituted huCOX-2 with peroxide for 40 s followed by the addition of flufenamic acid, mefenamic acid, or tolfenamic acid. Soret peak absorbance at 409 nm was monitored to follow the return of the heme moiety to the resting ferric state. Compared with a control where no inhibitor was added to the reaction, all three inhibitors induced a rapid return of soret peak absorbance at 409 nm (Fig. 6C) . This result demonstrates that all three fenamic acid inhibitors tested act as reducing co-substrates that donate an electron to reduce Compound II back to the resting ferric state.
Fenamic Acids Quench Tyrosyl Radicals-Previous electron spin resonance (ESR) studies have demonstrated that peroxidase catalysis generates tyrosyl radicals on Tyr-385 and Tyr-504 in huCOX-2 (29, 49) . Furthermore, the binding of certain NSAIDs to huCOX-2 can either destabilize (flurbiprofen and diclofenac) or stabilize (naproxen) radicals formed on Tyr-385 and Tyr-504 (50) . Based on the inverted binding orientation observed for the fenamic acids within the cyclooxygenase channel in the crystal structures described above, we hypothesized that binding of this class of inhibitors to huCOX-2 would destabilize preformed tyrosyl radicals on Tyr-385 and Tyr-504. To test this hypothesis, tyrosyl radicals were generated on Tyr-385 and Tyr-504 in Fe 3ϩ -protoporphyrin IX-reconstituted huCOX-2 by reacting the enzyme with hydrogen peroxide on ice for 30 s. Mefenamic acid or tolfenamic acid was then injected into the reaction mixture containing preformed tyrosyl radicals and briefly mixed before freezing. Both mefenamic acid and tolfenamic acid induced a decrease in the observed amplitude of the tyrosyl radical ESR signal, indicating that both inhibitors quenched the preformed tyrosyl radicals (Fig. 7, A and B) . Double integration of the resultant spectra revealed that mefenamic acid and tolfenamic acid quenched preformed tyrosyl radicals in a dose-dependent fashion (Fig. 7C) . Moreover, there was no significant change in line shape associated with the decrease in ESR amplitude, consistent with previous observations that utilized other classes of NSAIDs (50) . The wide singlet continuous wave ESR spectrum of tyrosyl radicals in wild type huCOX-2 is composed of contributions from both Tyr-385 radical (wide doublet) and Tyr-504 radical (narrow singlet) (51) . The lack of a change in ESR line shape with increasing concentrations of mefenamic acid and tolfenamic acid indicates that the proportions of the Tyr-385 radical and Tyr-504 radical remains constant as the radicals are quenched.
Exogenous Lipid Hydroperoxide Alleviates Substrate-selective Inhibition-Compared with AA, the oxygenation of endocannabinoids by COX-2 is more sensitive to peroxide tone (17) . Higher levels of peroxide are required to sustain maximal rates of endocannabinoid oxygenation compared with AA oxygenation. The ability of fenamic acids to reduce both tyrosyl radicals and higher oxidation states of heme in COX-2 pushes the enzyme into the resting state, thus requiring another turnover of peroxide in order to generate a tyrosyl radical to sustain endocannabinoid oxygenation. We reasoned that adding excess peroxide would serve to alleviate the inhibition of endocannabinoid oxygenation that is achieved with relatively low concentrations of fenamic acids. To test this hypothesis, we analyzed the extent of inhibition of 1-AG oxygenation by tolfe- namic acid in the presence of increasing concentrations of the lipid hydroperoxide 15-HPETE. The addition of 15-HPETE had no significant effect on the rate of 1-AG oxygenation in the absence of tolfenamic acid. However, the ability of tolfenamic acid to inhibit 1-AG oxygenation was significantly diminished in the presence of 15-HPETE (Fig. 8A ). The addition of 15-HPETE resulted in a concentration-dependent recovery in the rate of 1-AG oxygenation to ϳ70% that observed in the absence of tolfenamic acid. Similar results were observed with mefenamic acid, flufenamic acid, and the non-fenamic acid substrate-selective inhibitor R-flurbiprofen ( Fig. 8, B-D) . Collectively, these results demonstrate that the substrate-selective inhibition of endocannabinoid oxygenation by fenamic acids is dependent upon the peroxide tone and that substrate-selective inhibition can be attenuated via the addition of excess lipid hydroperoxide.
Discussion
The x-ray crystal structures of huCOX-2 in complex with flufenamic acid, meclofenamic acid, mefenamic acid, and tolfenamic acid reveal that all four inhibitors bind in an inverted orientation within the cyclooxygenase channel of each monomer of the homodimer. In this orientation the inhibitor's carboxylate group forms hydrogen bonds with the side chains of Tyr-385 and Ser-530 at the apex of the channel similar to that observed in the crystal structures of muCOX-2 in complex with diclofenac and lumiracoxib (26, 27) . All four of the fenamic acid inhibitors bound in nearly identical orientations within the cyclooxygenase channel regardless of their ability to inhibit COX-2 in a time-dependent or substrate-selective fashion. The crystal structures presented here failed to provide insight into the residues responsible for signaling across the dimer interface, as we did not observe protein conformational differences between monomers when they were compared. However, by virtue of their interactions with Tyr-385 at the apex of the channel, the structures did provide insight into why the fenamic acids have a propensity to reduce the tyrosine radical required for substrate oxygenation.
Crystal structures of muCOX-2 in complex with the substrate-selective inhibitors ibuprofen, R-naproxen, and R-flurbiprofen reveal that the carboxylate group of the inhibitor forms a hydrogen bond with the side chain of Arg-120 at the opening of the cyclooxygenase channel (20, 25) . Subsequent mutation of Arg-120 abolishes the ability of these compounds to inhibit in a substrate-selective manner, indicating that stabilization of the carboxylate moiety is an important determinant for these inhibitors. Additionally, no shift in melting temperature was observed when ibuprofen binding to R120A muCOX-2 was evaluated using the thermal shift assay (25) . Conversely, the inverted binding orientation observed in the crystal structures and the ability of the fenamic acids to bind to the Y385F/S530A huCOX-2 double mutant indicates that stabilization of the carboxylate group is less important for substrate-selective inhibition by this class of drugs.
A single turnover at the peroxidase active site is required to generate a catalytic radical centered on Tyr-385 at the apex of the cyclooxygenase channel. The incipient tyrosyl radical initiates cyclooxygenase catalysis through the abstraction of the 13-pro-S hydrogen from AA (or 1-AG) and is subsequently regenerated upon formation of the prostaglandin G 2 product. The tyrosyl radical can continue to be involved in multiple H abstractions from AA in the absence of another turnover at the peroxidase site until the enzyme undergoes suicide inactivation (1). Although little is known about the chemical changes that occur to the enzyme during suicide inactivation, the number of cyclooxygenase turnovers can vary from 10 to 1000s before its inactivation, depending upon the reaction conditions (51) .
Recent studies have shown that a higher concentration of peroxide substrate is required to activate and maintain the cyclooxygenase activity for oxygenation of endocannabinoid substrates compared with the concentration needed for AA oxygenation (17) . The peroxidase activation efficiencies of prostaglandin G 2 and prostaglandin G 2 glycerol ester are likely similar. However, Musee and Marnett (17) suggest that release of a prostaglandin G 2 -G peroxyl radical before oxidation of Tyr-385 would result in inactive enzyme that would need to be activated by turnover of another molecule of hydroperoxide at the peroxidase active site. As a consequence, feedback activation of peroxidase catalysis by the hydroperoxide products generated during cyclooxygenase catalysis is more critical during the oxygenation of endocannabinoids versus AA. The biophysical data presented above reveal that flufenamic acid, mefenamic acid, and tolfenamic acid bind rapidly to the enzyme, act 
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as reducing co-substrates through the donation of an electron to reduce Compound II back to the resting ferric state, and quench preformed tyrosyl radicals. Thus, the substrate-selec-tive fenamic acids effectively "reset" the enzyme such that another turnover at the peroxidase active site is required to reinitiate cyclooxygenase catalysis. We show that the addition of 15-HPETE alleviates substrateselective inhibition by flufenamic acid, mefenamic acid, and tolfenamic acid, presumably through its turnover in the peroxidase active site, resulting in the subsequent generation of tyrosyl radical in the cyclooxygenase active site. One alternative explanation for the rescue of endocannabinoid oxygenation upon the addition of 15-HPETE is that the peroxide modifies the fenamic acid scaffold such that they no longer serve as effective inhibitors. 15-HPETE did not alter the UV-visible spectra of tolfenamic acid as previously seen when fenamic acids are oxidized (data not shown) (53) . Moreover, 15-HPETE effectively rescues endocannabinoid oxygenation in the presence of R-flurbiprofen, a substrate-selective inhibitor that is chemically unrelated to the fenamic acids. Taken together, our data strongly suggest that the inhibition of endocannabinoid oxygenation by the fenamic acids is dependent upon peroxide tone (Fig. 9 ).
The role of reducing co-substrates in cyclooxygenase catalysis is enigmatic. Reducing co-substrates have a stimulatory effect on AA oxygenation at low concentrations, but above a certain threshold this stimulatory effect is lost. Computer simulations based on the branched chain mechanism suggest that this stimulatory effect is a result of extending the catalytic lifetime of COX-2 before the onset of suicide inactivation (54) . However, endocannabinoid oxygenation requires higher levels of peroxide to maintain peak cyclooxygenase activity, suggesting that the branched chain mechanism is less efficient with endocannabinoids compared with AA. It may be the case that reducing co-substrates have differential effects on cyclooxygenase catalysis when endocannabinoids versus AA are utilized as the cyclooxygenase substrate. Previous investigations utilizing horseradish peroxidase in the presence of mefenamic acid have revealed that, upon reaction with hydrogen peroxide, transient mefenamic acid radicals are generated (53) . By donating an electron to oxy-ferryl heme in COX-2, it is likely that transient fenamic acid cation radicals are generated. Additional studies are required to determine the effect that these radicals have on feedback activation of peroxidase activity to sustain endocannabinoid oxygenation.
The discovery that substrate-selective inhibition of endocannabinoid oxygenation by COX-2 is dependent on peroxide tone has important implications in vivo. The observed effect of peroxide tone on substrate-selective inhibition by fenamic acid inhibitors is reminiscent of similar effects seen with acetaminophen. Acetaminophen is a more potent inhibitor of prostaglandin formation in tissues with low peroxide tone, such as nervous tissue (55) . The beneficial anxiolytic and analgesic effects observed with substrate-selective COX-2 inhibitors is directly correlated with increased levels of endocannabinoids in the central nervous system (21) . As peroxide tone is low in the central nervous system, the fenamic acid inhibitors would be expected to be more effective substrate-selective inhibitors within this tissue.
